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The electrical properties of oxide glaeses have been 

ext=zt::ively sc,t;dfe3 for GVOZ zi hundred years. Most of the 

systems that have been e x d n e d ,  such as the soda-lime- 

silicate glasses, for instance, a l l  contained high eoncentxa- 

tions of alkali oxides.  It is well eetablished that  for such 

glasses, from roam temperature t o  the softening points, the 

mechanism of electrical conduction is electrolytic or ionic,  
1 

the principal charge carriers being the a l k a l i  ions present, 

For theee materials, it has been conclusively demonstrated 

that Eraraday'a Laws are obeyed and the transport number of the 

a lka l i  ions present, for instance la+ , is unity; 

ration or polarization of c~rmaon silicate glasses under a DC 

potential is of course well knawn, 

has l e d  to statements fn many authorQtatfve texta on glasa that 

- all. a i d e  glaaaes are ionic conductors, 

should perhaps be " m o s t  k n m  oxide g l a s s e ~  a r e  i on ic  conductors'', 

1 
The deterio- 

Such experimental evidence 

The correct statement 
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Oxide glasses in which e l e c t r i c a l  conduction is electronic 

fa nature are not dde3.y known, In t h i s  chapter we will first 

endeavor to  answer the question3 "Can a i d e  gEartsee be theo- 

retically expected to exhibit bulk e lec trdc  conduction?" 

Available experbental results on the electrical properties of 

oxide glaeses which have been reported to be electronic conduc- 

tors will then be reviewed, 

ZS,  DEfFTEETXON OF' SEHXCWDUCTING -DE GLASS 

The tenn "electronically conducting glass . has frequently 

been applied to  surface conduction of oxide glasses, It is  w e l l  

k n m ,  for instance, t h a t  a lead-containing glass can be reduced 

in hydrogen to give a thin surface layer of metallic lead. 2 

Alternately, a transparent layer of a semiconductive oxide such 

a s  Sa02 can be deposited on a glass  substratee3 For these 

matexfala, the e l ec tr i ca l  conductivity which is of in teres t  

is that of the surface layer. The bulk r e s i s t i v i t y  of the 

glass substrate remains high and the conduction mechanism 

remains ionic. The present chapter is not concerned with such 

surface conducting materfals, but rather w i t h  b u t  or volumetric 

exec tronfc transport inherent to the glass network i t s e l f .  

For a l l  oxide glasses in which bulk electronic conduction 

hals been reported, the r e e i s t i v f t y  invariably decreases w i t h  

increalsfng temperature. Thus i n  order to dnfmfze  confusion 
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w i t h  metallic conduction, the temperature coeff ic ient  of which 

i a r  of dif ferent  efgn, and also with eurface-conducting glasses, 

the word "senclconducting" is considered preferable to "elec- 

tronically conducting" A semiconducting glass is presently 

defined aer a homogeneous, single-phamred, and non-crystalllne 

s o l i d  in which (a) bulk electrical conduction at the temperature 

in question occurs predominantby by electrons [and/or holes) 

rather than by ions, and (b) the temperature coe f f i c i ent  of 

resistivity i s  negative, 

X I X .  BULK BLECTROLJIC CONDUCTION TN GLASS 

Since experimental and theoretical s tudies  of sernicondorc- 

tors, a i d e s  or otherwi~e, have hitherto been confined to 

crystal l ine materials, the concept of a semiconducting oxide 

slass may not be readily acceptable, Pndeed, d t h  the wealth 

of experimental data t h a t  m o s t  known oxkde glasses are i on ic  

candwtors, the question may be raised if an oxide glass can 

actually exhibit  aauiconductisn, The answer is hmedfately 

obviow if we regard a glaas as a "rigid liquid" s ince  many 

1Liqolid electronfc condanstore are k n m ,  A detailed revfew on 
4 

haany liquid systems has been prepared by Xoffe and Regel, and 

therefore only a brief outline %a geven here, 

That long-range order 1s not a prerequisite for metallic 



conduction is eaeily demonstrated fxom the observed electrical 

properties of liquid m e t a l s ,  

semiconducting oxides such a8 VzO5, FeO, and COO also gives 

m e l t s  which axe aemicondacting, Thus, for V'O5, a C-type 

senticonductor, the electrical conductivity increases gradually 

when the crystal is heated and no sharp variation i a  observed 
6 

when melting Occurs, 

which the large varfatlon of conductivity on melting for a 

typical ionic oxide, PbO, 5s included for comparison. Crystalline 

4 
The fusion of many crys ta l l ine  

4 # 5  

"his behavior i s  shown in Figure 1 in 

FeO, for instance, is known 

cient in i ron .  Again there 

on fusion. Similar to the 
7 

efficient of resist ivity of 

melting and e1ectrol~~i .1~  is 

The ionic  transport numbers 
8 

to be a 2-type semiconductor defl- 

is no marked change of conductance 

case of VzOs, the temperature co- 

the crystal remains negative on 

not  observed under a DC potential. 

of molten COO, Mi0 and Cu20 are 

estfmated t o  be less than It'appears certain then that  

long-range order is also not a prerequhsfte fox electronic con- 

duction i n  semiconducting oxides. 

therefore, it would seem probable that if oxides such as  V205 

and FeO can be prepared in the vitreous state, then the%r 

mechanism of e l e c t r i c a l  conduction ahould be electronic rather 

than i odc .  Unfortunately, these trans i t ion  metal  oxides are 

not easily obtainable f n  t h e  glassy form by conventional methods 

, 

From 9 priori reasoning, 
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such as quenching of the melt. There is therefore little 

available experimental. data to support the above hypothesis. 

Prel idnary work by the present author on glassy VzOs films, 

formed by vapor deposition, ha8 shawn, huwever, that the con- 

duction arechaniclsa is indeed electronic in nature. 

9 

f V .  GgZJERAt PRIbicIPLE FOR THE PREPARATION OF SENXCONWCTXNG GLASS 

Since the t rans f tbn  metal oxides by them8elve8, for instance, 

pure V2O5 or FeO, are not eaeSly rendered into the vitreous state,  

our attention must be focwed on polycmponent systems involving 

other oxides. Such systems should preferably give a homogeneous 

m e l t  which can be e a s i l y  supercooled to give a rigfd glass. 

semiconducting oxide may, for instance, be fused with a "network 

Former" such as SiOz or P205, w i t h  or without a "modifier" l i k e  

NaZO or CaO to give a glass. 

it is obvfous t h a t  i f  the glass is required to be a semiconductor 

a t  any temperature, the mobility of the ions i n  the system m u s t  

A 

't 

For such a polycamponent system 

be negligibly small. Recently- i t  ha8 been shown that  a t  a l l  

temperatures belaw the glass transit ion region, the mobility of 

divalent  ions, such a s  Ca+' and Sr 
10 

higher valence, is extremely low for a l l  types of oxide glasses. 

4-F and other metal ions of 

Further, these immobile polyvalent ions in the glaes network can 

impede the motion of any a l k a l i  ions which may be t h e  normal 

current carriers. Depending on empositlion, the ionic 



condwtivaty of such an oxide glass contakning as much as 

15 eade % Ha20 can be negligible a t  roam temperature. In 

pigore 2, the electrical resistivity of stme sil icate and 

borate glasses of relatively high sodi\rm concentration is seen 

to be greater than that of a sample of fused s i l i c a  of lower 

sodim content. Theme systems can therefore be considered a# 

"hfgh-re8irt5vfty" bodha and thus suitable a s  a constituent 

for the preparation of semiconducting oxide glasses, 

X f  a glass is indeed readily orepared from a m_e1+, cmte3.n- 

ing, say, %03, (the gXaaa-fonner) Cad and #azo (the modifiers), 

and a high concentration of VzOs (the sedconductor), the eecond 

question will necessarily be an the  behavior of the Vz05 constdtpx- 

ent, Or, rather, the behavior of the vanadium ions in the re- 

s a t a n t  glass, A qualf tat fve  indLcation fs available fmm a 

consideration of the properties of the crystalline oxide f t 6 d f -  

For the cryatallhe axfde sgmiconductors such as VzO5, Fez03 and 

NiO, the mobility of the carriers is extremely smal l ,  

be loo2 em2 vel seepL a@ compared to values of lo3 an2 v-' 0ec-l 

This may 

or more for elemental 8dconductor8  l ike  germa~tirao.~ 

Sree path of the carrier6 i n  these sdconc3arcUng oxidea, either 

electrons or poaitive hObEl, ,  calculated Froan each luw mobflities, 

can be less than the interatomic distances in question, 

and Regel 

The mean 

Zoffe 

4 have depicted thi8 as the  fading out of electron waves 
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within the limits o f  a S i R g h  unit  of the crystal lattice, 

The motion of the carrier between ion cores is thus described 

ab a "hopphgt or "jmpixkg" process. For an iron oxide, for 

.example, this can be fonaally represented by: 

d + O  Pe3* &+o pe2+ 

me mation of the electron from pe2+ to pe3+ is apparently not 

impeded by the reltatively large distance of separation of these 

ions nor by the presence of oxqrgene around them, 
13 

xf: aZr==c?;. ~ ~ = p ~ ? - ~ ~ ~ + w  *h-* b k b a b  r L U I b 3 - - C U b b r S  *----*---n ardav V I M - +  & D  4 -  

not tihe d y  Cfite l s i033  for 8 d c o R d u c t i m  [Figure 1). Secondly, 

it is knawn tha t  the transfer of electrons QZ holes between 

m e t a l  ion corea which are aepaxated by oxygens is possible. 

Thirdly, the nobility of divalent and higher valence ions such 

as Ca2+ and AI3+ is extreaely sunall in solid glasses and their 

presence apparently also impedes the mo+don of alkal i  ions  in 

the sy8teat. A general principle for the preparation of d e d -  

conductivity axide glasses is now apparent from a combination 

of  these facta. B e s e d  on this bxoad principle, the present author 
13 

has prepared a large variety of semiconducting glasses ,  

instance, a "hLgh resistivity" glass deacskbed above may be used 

a s  an inert matrix i n t o  whfch a large amount  of one or more 

8@1niconducting oxides afe incorporated. That is, a semiconduct- 

ing glaes can be regarded aa the concentrated eolution of an 

For 

i 

i 
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electronic conductor i n  an insulating glassy solvent. 

of these systems are described below, 

Same 

X t  is recal led that because of the lack of data an the 

polycoeqponent so l id  glasses and the d i f f i c u l t y  of preparing a 

one-axi.de sdcondactfve glass such ar 0205 or: Fe2O3, the above 

hypothesis was based partial ly  on the observed electrical proper- 

ties of melts, 

ha8 been observed i n  the melts of various systems when the liqazfd 

It is pertinent to mention that anomalous behavior 

is composed of a "network-former" and a s d c o n d u c t % n g  oxide, 

Thus for m e l t a  of the system FeO-Sk02, the ionic  transport number 

a t  140OOC fs less than 0,l from pure FeO to about 88 mole X PeO, 

The 5onic transport nlmrber increases rapidly thereafter until f t  

13 18 greater than 0-9 at 62 mole X FeO - S i d l a r  behavior was 

14 
observed in the system cOo-SiO2 .. I l t  is interesting to  note 

tha t  the ionic transport n d e r  actually increases when the 

r l u i d i t y  of the m e l t  decreases. An dbvfoua qdalktatfve explana- 

tion i s  that  the structure of the melt changes fairly rapidly - 
when an appreciable amount of SSQz is present to  affect the 

electronic conduction mechanism, Detailed experfrnental and 

theoretical studies, huwever, have not been carried out.. 

Most of the semiconducting oxide glasses deacribed in tne 

l i terature  are based on the system Vz0g-P2O5. Although such 



- glasses were 

workers w e r e  

properties. 

29 
f irs t  prepared i n  1867 by Roscoe, 

apparently not interested i n  the e l e c t r i c a l  

Thus Tammann and 3enckel studied the effects 

the early 

30 
Of 

pressure on the density of Va05-P205 glasses and not  the ir  

e l e c t r i c a l  properties. Denton, Rawson and Stanworth were t h e  

f i r s t  to suggest that these vanadate glasses are E-type semi- 

conductors. Since 1954, a variety of other semiconbcting oxide 

21 

glasses has been reported. These are summarized i n  Table %. 

Xn m o s t  of these studies, no description i s  even given of 

a) any proof that the conduction mechanism is truly electronic 

and not ionic  and b) any c r i t i c a l  examination t h a t  the observed 

electronic conductivity i s  not due to one or more crystalline 

phases present i n  the glass. f n  thi8 sect ion,  those f e w  studies 

in which an experhental verif icat ion of electronic conduction 

has been carried out w i l l  be reviewed. 

t 

a) Electrolvsfs 

In general, an ionically conducting oxide glaee will 

exhibit polarization phenamena i n  a DC f i e l d ,  Thus the electri- 

cal resistance ob a sample a t  a constant teaperature w i l l i n -  

crease with time. Bapton, Rawson and Stenworth, for instance, 

skated that the resistance of V ~ O ~ - P 2 0 ~ B a 0 g l a a s e s  is not time- 

dependent. No d e t a i l s  are given, hawever, on the tests. ' B e t  

mast be emphasized that a s ingle  observation that the resistance 

15 



is constant w i t h  t h e  does not constitute  sufficient proof that 

the conduction mechanism f 8  to ta l ly  electronic i n  nature. Thw 

the applied voltage, the resistance of the sample, and the 

duration of the application of the DC field, all have to be 

taken into consideration. 

The effecu of 200-volt DC on a number of ionically con- 

ductive and semiconducting glasses studied by the present author 

are shown in Figure 3.  

conductin9 samples, namaly, funec? s f l i c a ,  2 zdcx=scspa s l i d e ,  

and a Corning So. 0080 soda-lime silicate, all increased w i t h  

time. The others, prerrmbly a l l  s&conducting glasses, shaw no 

The resistances of the three ionically 

time-dependency of e l e c t r c i a l  reds tance .  I n  fact, the resistances 

of some samples are constant a t  10 ohms after 48 hours under a 

200 vo l t  DC potential, 

6 

12 

When the resistance, voltage, time and sample areas are 

k n m ,  the preddnance of electronic conductance can also be 

demonstrated by another method. For instance, i n  one of the 

glasses shown i n  Figure 3 having the cornpositJon of 30 mole X COO, 

47 m o l e  s B ~ o ~ ,  and 23 m o l e  % Ca08 tshe ccacentration of CO++ ion0 

is approximately 0.26 gm per cc. The composition can be xepre- 

aented simply as 3Co0.2-3 EB2O3.Ca9: tha t  i a ,  as a mixture of 

COO and a calcium borate glass of the composition CaO.2B203. 

A t  35OoC, the electrical r e s i e t i v i t y  of the glass Ca0.2B203 is 

about 1Ol2 ohm-cm. The addition of the COO is 



7 apparently e f f ec t ive  i n  reducing the resistivity to  below 10 

ohra-cm a t  35OOC. If the conductivity is ionic in character, 

then e i ther  Co++ and/or Oa- ions may be the principal current 

carriers. Under a Dc potential, electrolysis must occur, The 

amount of Co* ions deposited i n  the cathode is given b y t  

w = I t k / F  
where I is the current, t is the time, q is the equivalent 

weight and P ie the Faraday, For a sample having a resistance 

crS 10 

the electrode area fs about 1 cm' and therefore a layer of glass 

6 at 200 volts Dc; w is ~XIQ==~ c p  after 10 hours. Hew 

adjacent to the anode, approximately 0.1 mm thick, w i l l  be de- 

pleted of Co"+. Thus after 10 hours, the resfatance of the? 

resultant glass should bet 

-f- = -ti 4- r, (24 
where ri i s  the resistance of that major portion o f  the glass 

sample containing the i n i t i a l  amount of Co++ [&.e., 30 mole X COO), 

and ro is the resistance of the thin layer containing no Co 
* i ons  

(i,e,, a glass of the composition Ca0.2B203). I t  is estimated that 

is about 10l1 ohms. Thus r must be ai: least lo1' ohms after 
=0 

10 hours. 

increased a t  a l l  after 16 hours. There Ps thus l i t t l e  daubt 

Huwever, the initial resistance of IO6 ohm8 ha8 not 

that the conduction mechanism i n  t h i s  glass containing COO fs 

electronic rather than ionic, 



25 In another example, Wazztria and co-workers studied a 

glass o f  the cclsapo8ition PeZOj . 3  CaO .AI2O3 .B203 .4Sf02. Trans- 

port raea8urementa were carried out at 580 to 650°C using a 

Hittorf-type cell with different electrode materials. The 

I M X ~ W B  dbserved weight change in a eample a t  650° was about 

5% of the calculated value for Fe3+ ionic conduction. 

sample a t  S a 0 ,  the observed weight change was only 0 , s  of the 

@8thated value. The authors therefore concluded that the con- 

ductivity walr purely electronic.  

In another 

b) Measurement of  Electromotive Force 

An oatde glass containing mabile ions may be cawidered 

as  a solid electrolyte, 

obtained by using the glass as the electrolyte in a galvanic cell ,  

The theory ha6 been discussed i n  d e t a i l  by Wagner 

use of such a technique to obtain the ionic  transport number of 
32 

crystalline axides is exemplified by the work of Mitoff. 

The transport number of the fane can be 

31 and succesilful 

%f 

the two ends of a g1aa.s sample at any temperature T are i n  

contact w i t h  atmospheres of different partial pressures of 

oxygen p1 and p2,then fox a pure ionic or electxolytfc conductor, 

the theoretical emf is given byt  

where R fs the gas constant and F i s  the Faraday, 

Sonfc-electronic conductor, the ionic transport number is simply 

For a mixed 
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where Bo i.8 the obrrerved emf of the  ce l l .  

conductor, Eo 5s zero. 

For a pure electronic 

An apparatus used by the present authog2 for a study of 

rremkoaducting glasses is ahawn in Figure 4. 

w e r e  approximately 1 LPPP thick d i s c s  of dimeter  1 to 2 cm. 

Different  partial pressures of oxygen were  obtained by the use 

of COP, O2 and air atmospheres. 

such aa the Cc?r&.r?g Be. 0080 w e r e  tested, the technique was 

disappointing in that only qual i tat ive  measurements could be 

made. Snvariably, instantaneous polarization was encountered 

and E, 8eldan reaaained constant with time, Qwl i ta t&ve ly ,  hawever, 

E, was always large and corresponded approximately to the appropri- 

ate values of Et. 

are the two gases i n  contact with the opposite faces of the ample, 

Et is approximately 0.1 vo l t .  For the semiconducting glasses 

shown in Figure 3, E, was always less than IOo3 volt .  Within 

.,the limits of experimental error, therefore, it could be con- 

cluded that these glasses  were predominantly electronic conductors. 

The glass samples 

When typically ionic glasses 

For a "0080" glase, for example, if C02 and O2 

7 

e) Madtude of Electrical Resistivitv and Activation Enerqy. 

PZor both ionically conducting and semiconducting oxide 

glasses, the temperature coe f f i c i ent  of electrical resistivity 

is negative. Over a limited temperature range, resistivity fer 
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usually described by the Arrhenius equation: 

is a constant and X* is the so-called activation 

energy for conduction. 

itself ia not alwayrs indScative of the mechanism of conduction. 

However, the c ~ l p a r f a m  o f  0 and E of glasses with and without 

the semicondcuting component can be instructive. Alternately, a 

study of /" and E* as a function of the composition of a s y s t e m  

which can exhibi t  both ionic and electranfr c~ndectirtn I s  alisc? 

enlightening. 

The magnitude of either f or E* by 

dB 
i 

In Fable XI, saw semiconducting system are shown, of 

which the activation energies for electrical conduction have 

been evaluated by the present writer!2 

example, E* refers to the g l a s s  of the camposition shuwn. E1 

is the activation energy for conduction of a glass having the 

compos%tion 60 mole % GeOZ and 40 m o l e  % BaO. 

and 3, El refers to glasses of the composition 40 mole 96 CaO 

In sample N o . 1 ,  for 

In samples 2 

and 60 m o l e  % B203. fn all three cases, E 1 i s  greater than E'. 

Now, if $+, Fe3+ and Co*+ ions are the current carriers, then 
1 E is expected t o  be greater than, or a t  m o s t  equal to, E . 

The fact that E* i8 actually much less than E' i s  indicative 

that these glasses are not ionic  conductors, 

@I 

3en Sectdon V a') above, it was mentioned that  a t  35OoC the 



i 
electrical resistivity of a glalrs of the composition Ca0.2B203 

was about 10l2 ohm-. The addition of a substantial amaunt of 

COO wae effective in reducing the reeist~vity to about lo6 o w .  

Haw the electrical r~d.8tfvity for an ionically conducting sy6te51 

is applcootimately related to the so-called ion-axygen attraction 

(61 2, z,e2 
dL 

gfven b y 2  
I = -  

where z1 and z2 are the valences of the oxygen and cation re- 

spectively and d i s  the inter-ionic separation, and e is the 

electronic charge. The ionic rad i i  of the Ca2+ and Ca2+ ions 

are 0 .73A and 0.99A respectively. me ion-oorygen attraction for 

Co-0 is 25% greater than that for Ca-O. ff the cobalt-containing 

glass is ionically conducting, then the resistivity should be 

higher than that With the  calcium but no cobalt. Hawever, not 

only wau the  opposite result found, but the resist ivity had 

creased fram 10'' ohm-na to 106 ohm-cm when COO was present. 

de- 

Such considerations are again fairly clearly indicative of 

electronic conduction. 

The sttrdies of Bvstrop'yev and Tsekhcanakiy26 on the eycrtem 

10Pe203 ,20CaO.lOB~03.~A1~03 .!%Si02 ( in  mole $) were convincing 

that the glass was a semiconductor. These workers replaced the 

SiOz partially w i t h  Sa20 and measured both the electrical con- 

d u c t i v i t y  as well as the dff€usion coefficient of the sodium. * 

. 

3t was found that  prp to 5% &la20 while the diffusion coe f f i c i ent  



of  the sodium had increased by two orders of magnitude, the 

conductivity wa8 unchanged. Secondly, the activation energy 

€or aodfum diffusion varied fran 103 to 8 5  kcal/mole while 

tha t  for conductivkty wan constant at 31.2 kcal/mole. A third 

fndecatfon that  the conduction was not ionic was obtafned frm 

the Nernst-Einstein relationship: 

where D iB the ionic diffusion coefficient., 6 1 s  the specific 

conductivity, k is E3o~tmann6s constant, TT fs the absolute 

temperature, PJ is the number of current carriers per cc, e is 

the electronic charge, and F is the Faraday. 

conductfng glasses,d 8 the correlation factor, is between 0 - 3  

For most fonfcal ly  

and 1.0. 

Tsekhuwkiy, 6 varied from 0.001 to 0 .O% when as much as 

Por the glasses examined by Evstrop'yev and 
26 

3 mole rrC: NazO w a s  present. Similar glasees containing no iron 

oxide gave OC values of 0.6  2 0 .2 .  

Grechanik and co-workers 
28 studied a base glaBs of the 

experiments, the PbO w a s  replaced by Fe2O3; i n  another, PbO 

w a s  replaced 3y Naqf. Both tke reubefv i ty  and the act iva t ion  

energy of the fron-contaidng glasses w e r e  apprecfably Jess than 

those for the sodiuan-containing glsssea of ccmparable composer$ t i o n .  

These authors also concluded that the iron-contafning glasses 



were not ionic conductors, 

The e l e c t r i c a l  resistivity data on a large number of 

cauplex silicate glasses containing transition metal oxides such 

a s  Fc 0 and X n O  were  treated sawwhat differently by Trap and 

Stevels to show that these were electronic conductors. These 

authors showed that  i n  general, the electrfcal resistivity of 

all the glasses was represented by the empirical relationa: 

33 

1ogp = A + B/T (8) 

=Ed p I =  @ + E  f91 

where A, B, in, n, are constants ,  and 0 is the activation energy 

for condrrction. 

transition metal oxides, = v a r i e d  from -5 to -9 and 

However, when t?m Fe3O4 content was in excess of 18 mole 96, say, 

E Was +32 and e became -0.1. Further, in the g las ses  with 

re la t ive ly  high concentrations of transition metal a i d e s ,  Q 

varied from 0.03 to 0.10 e.v. When the amounts of  oxides such 

as Fe304 and -0 were decreased to a c r i t i c a l  amount, depending 

on the particular g lass ,  Q jumped abruptly to 0.6, to flag e-v-  

The resirt ivit ies  of the glasses with high concentration of 

transition - t a l  oxides also showed no pronounced changes on 

the continued flow of direct current. Pt wa8 therefore concluded 

that  theae were indeed eemfconducting glasses. 

For glasses containing none or small amounts of 

fran 2 to 10. 

d) Effect of Pressure on Conductivity 

A8 a f i x s t  approximation, the structure of oxide glasses 



may be regarded a8 a network of oxygen ions linked together 

tightly by the PrmaUer "glass-foH19ing" ions such as s i l k o n  

and baron. Larger cations l ike Na+ of Ca* are held relatively 

loosely in the interstices of the network, Xodc conduction MY 

be regarded as the motion of the catians through the "holes" of 

the network. This would suggeat that conductivity is direc t ly  

related to the specific vol\nne of the glass. Littleton and 

Wehnare, for Lnstance, shawed that  the resistgvity of c h i l l e d  
34 

samples of siiicate glasses (larger specif'ic voiume) was iess 

than that of well-annealed samples. 

such as crystalline AgBr, the resist ivkty,  as expected, increases 

For a typical  ionic conductor 

35 
with increasing hydrostatic pressure. The w r i t e r  fs unaware of 

f 

any experiments in which t h e  r e s i s t i v i t y  of an ionically-conducting 

solid actual ly  behaves anoma~ously; t h a t  is8 decreases w i t h  in- 

creasing pressure, On the other hand, the resgstivity of semi- 

condu~tors, far instance, XnSb and GaSb, or the transit ion metal 

oxfdes, 

36 

37.38 
may decrease or increase with increasdng pressure. 

Itn Figure 5 ,  the effects of presstare on the reeistivity of 
'b 

two samples of V205-P20s glasses are shown for two different 

temperatures. In both cases, *he pressure coeffkient  of re- 

s i a t i v i t y  is seen to be nsgative. ahis, together With the re- 

aPllte, of electrolys~s experhents, are fairly conclwi.ve evidence 

that these glasses are not ionic conductors. 
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VT. ExJEcmtcAL ComumvZTy 

A t  present there is no quantitative, or perhaps even semi- 

quantit ive,  theory on e l e c t r i c a l  conduction in semiconducting 

oxide glasses. 

t ion  metal ox%des such as N i O ,  various authors have suggested 

Fblldwfng the limited work on cxysta l l ine  t 9 n s i -  
16,19 

that a similar mechanism must be operative in the ncn-crystall ine 

material. 'bhue conduction is pictured to be the transfer of an 

electron [and/or hole) between ions of the s m t e  trannitFr?rr_ E P + _ ; P ~  

i n  different  valence s t a t e s .  In a V205 containing gh888 for 

instance, the motion of an electron can be represented by: 

@+-o-Vs+-, ;j+-o-tp+ 

Fram the considerations given i n  the previous sections, it 

fs evident that  quali tat ively,  the electronic conductivity will 

be governed by many factors w h k h  include: 

a) Concentration of the  transition metal oxides. 

b) Ratio of the high/law valence ions: e.g.8 vs+/++, 
pe3+/~e2+, etc . 

c) Magnitude of the conkribution of ionic conductivity. For 
instance, a glass may be a &xed electronic/ionic conductor. 

d) Average separation distance of the transit ion metal ions. 
Per instance, the same molar concentration of V205 fn a 
borate or a s i l i c a t e  glass may give dif ferent  average 
separation of the vanadium. Since metal oxfdes such as 
Na2O and PbO may interact dif ferent ly  w i k h  the glaas- 
former, 8ome effects are a l s o  to be expected frm them.  

From an experimental point of vim8 the problem i s  further 
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, 

complicated by the  additional factors: 

'ptrermal histoxy. 
temperature and the time can have en large effect on the 
magnitude of the canduct3vity of a sedconductAng glass. 23 
%%e melting temperature of a V265-P2Og-W glass influences 
the #+H* ratio and thus a180 affects the c ~ n d p c ~ v i t y . ~ ~  

x t  has been shown that the annealing 

Identification of i o d c  species. 3t is oilten d i f f i c t l l t  
to identi* the ionfc specltes and nnaT;rbiguowly estimate 
the high/lm valence rat io .  

Atmosphere. Since conduct5v€ty 5s dependent on the high/ 
lcru valence ratio, the ambient aemoaphere duing measure- 
m e n t ,  especially at hhgh temperatures, is an important 
consideration. 

A critical examination ob the published conductivity xestalts 
- 

has revealed that in m o s t  cases, the authors have failed to 

meneon or control one or more of the above factors. Much of 

the available data are thw of l f t t le  value for quantitative 

evaluat&on. 

-P 0 -BaO, for fnetance, there l a  still only dfaagreement '2'5 2 5 

between different workers and l i t t l e  underatanding of the nature 

of the conduction. This criticism will becarne evident in (2) 

below. 

r)espi.te the large mount of work on the system 

1 

1, GeneraX Conductivity Results 

Published results {see Table I) shclwed that the electrical 

conductivity of all rent&csnd2~ct~ng gfaSS68 increased With in- 
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15 
on the V205--P2054t0 glasses obtained by Baynton sa. are 

sh- in Figure 6 .  The results of some other types of semi- 

conducting glass based on the present author's work are sham 

fn Figure 7 ,  

In general, the conductivity is direct ly  proportional to the 

concentration of the transition metal a i d e  present. !Phis is  

illustrated by the results on the binary aystem VzOs-P205 i n  

Figure 8 .  

i n  Pfgure 8 the values of the @"/t5+ ratio are wknawn. 

P t  must: be emphasized tha t  in all the results shown 

Sn the qualitative mdel for conduction described above, 

electronic conduction will be unlikely if a l l  the transit ion 

metal fans are in the same valence s t a t e .  Ln general, then, when 

the concentration of one ionic species far exceeds the other, 

conductivety should be proportional to the ratio of the cmcentra- 

teon of the two ians. 
9 

The results  obtained by the present author 

on a glass of the cosapoaitfon Ca0.2B203 containing "e304 are ahawn 

in Figure 9, 

th'8 ?Fe2+/Fe3+ ratio W a s  altered. 

It is evident that the resistivity was changed when 
_ _  

The lavest rea f s t iv i ty  so far obtained for the sen&conductfng 

3 oxfde glat~ses Is approximately 10 ohm-cm a t  2S°C. A number ak 

VsOs-PzOs=-RO g lasses  containing high concentrations of V205 

(greater than 80 mole %, say) ,  can exhibit  such l a w  resistivity. 
15,23 

Although lower resistivitfes, about 10 o h m - c m  at 25*C, have been 

c 

reported on cmplex  glasses containing more than 30 mole X fron 
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33 
oxide, i t  not clear i f  crystall . ine phase6 present are 

responsible for the obaerved conductivity. 

2. Gla8Se8 Based on V20s-P20s-" 

H o s t  of the published work are on glaases bar9d on V205- 

P205 w i t h  or w i t h o u t  other metal oxidea. Thfe is presumably 

because oE the l a w  PPslUng temperai.ures .md the xeLatAve ease 

of glass formation. In general, agreement between the conduc- 

tivity results o f  different workers im poor. For the $:=Lass 

60V20g-20P205-20BaO m d e  jbj for instance, the r e s i s t i v i t y  
5 16 17 

a t  4OoC j.8 4x16 ohm-caa according to Munakata. Grechanik, 

7 hawever, reported a value of 2x10 ahm-cm. In the absence of 

information on the apprwriate factors gcs.sornfng conduction as 

described above, it is imy>oasfble to assess the nature of such 

controversy, 
15 

et al, 

Sane of the results from the stadies of Baynton 

are shawa in Figure 6 ,  The activation energies fox 
9 

conduction, B of eq. (51, are surprisingly constant in the 

systems V20g-P205-Ba00 V205"9205-Wa;,O and the ir  mixtures over 

%&de rangee of compcBfUone Thus E ranges E r a n  0,3Q to 0.39 
a, 

e.v, when V2O5 varies from 8'7,s to 50.8 mole %, P2O5 from 10 to 

30 mole X, BaO from 2.3 to 20 mole 96, and Ha20 frau 6 . 5  t o  10-8 

mole %. Apparently, the ionic contribution to ebectrical con- 

x 

duct iv i ty  fs a t i l l  negligible even when 10.8 m o l e  % NaZO 1s 

present in these glaaeee., 
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There is wide disagreement between both the observed resul ts  

and the interpretation of dAfferentworkers for glaesea of this 

group. mynton et: a. 8 for instance, shawed that when the vZos 

content is similar, glasees  i n  the system V205-P20g-~a0 wetem 

have higher resistiveties than those in the aystem VzOs P2Og-BaO- 

NazO. 

the electronic conductivity. Poffe et al., huwever, maintained 

that the ratio V Z O 5 h z O 5  $8 the only important factor governing 

the conductivityo The sodfum and barium are considered a8 "fillere" 

i n  the holes of the glass network and have no effect on the condw- 

tivity, 

8eemingly support this idea as shwn in curwe (2) of Figure 10. 

15 

I t w a s l  conaidered that la20 was effective in increasing 
19 

The reoults of Baynton were replotted by foffe et al. and 

Zndeed all the roua temperature reaulta of Baynton &_all. on 

glasrses w i t h  Ha20 and/or Ba0 8eem to f a l l  on curve (21. fnterest- 

Angry, the results of Xoffe et al.,and fitaigorodskii and 

Karpechedko 

curve (1') of Figure 10, W e  have fncladed the recent reaulta of 

Hanrblen and caworkers 

comparison. 

such a plot, 

40 
on VzOs-P20s and V205-P2O5-Ba0 are described by 

23 for BaO and CdO containFng glasoea for 

ft i e  evident that no conclusion can be drawn from 

That the ratio V2O5&O5 %s indeed f-ortant is evident froea 
4 1  the work of lador who actually shswed tha t  when VzOs and P2O5 

were melted together i n  nitrogen, oxygen gas wa8 evolved. The 
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amaant of oxygen evolved was proportional t o  the mawlt of 

F205 in the melt. 

of VzOs to Vz04. 

eLape and teaaperature dependency of these experhmnts. Although 

Ioffe et al. 

estimate wa8 given of the 9"" ratio of their glatssee. 

Munakad6 

LI 4OoC of glasses of the molar composition ~ O V ~ O ~ . ( Q O - ~ ) P ~ O ~ . X B ~ O  - - -  

which was caused by melting at 900°C and l 1 O O O C  wae due to a 

dissfmilar ++M+ ratio. When the V ~ O ~  content wazI constant, 

the resistivfty a t  40°C waa only dependent on the V4'/@' ratio 

and not on the BaOh205 ratio. 

to one temperature, namely, 40°C, and again makes a detai led  

hterpretation of the results difficult, if not hpossfble. The 

Hadal: attributed t h i s  to the reduction 

Unfortunately, no mention was made of the 

d i d  show the importance of the V20&Os ratio, no 

showed that the difference in the conductivity at 

The measurements were  confined 

re8ults for the BaO containfng glase are reproduced in Figure 11. 

Similar plots, a l l  containing a resietivity minimum, pml were 

obtained for twelve other The values for 

considered to be a function of t he  caticmic field strength, 

Z/a2 where 2 fs the charge of the cation and a is man distance 

between oxygen and catbon. Whether t h i s  relationsMp hold8 at 

any temperature other than 4OoC i a  unknaJPI. 

range from 7 x 1 ~ ) ~  ohm-cm fox TI' ta 6x10 

seem to invalidate the argument of Loffe et al. 

p m  were 

The values of pm 
0 5 for Ca*, and would 

on the role 19 
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of cations in these glasses. 

The effects of thermal hiatory on the room temperature 

r e s i s t i v i t y  of V2O5.PzOs.RO glasses w e r e  studied by Hamblen 
23 and co-uorkers, The reshtivity of a glass  containing 

4 75 w t .  % VzOs and 25 wt.96 Cd(P03)2 was lx l0  ohm-cm when 

freshly made by quenching. After heating a t  310° for 5 

hours and then cooled down, the reais t ivkty ha8 increaeed 

to 1.5~10 ahm-cm. On t h e  other hand, the r e s i s t i v i t y  of a 5 

glaaa containing 75 wt.% Vz05 and 25 wt.% KPB3, a f t e r  s imilar  

treatment, decreased 

the authors reported 

5 from 2.4~10 ahm-cm to 21 ohnrcm. Although 

that  the glasses were still "vitreous" 

a f t e r  the heat treatment, it is likely that some phase separa- 

tion, either liquid-liquid or l iquid-crystal ,  has occurred t o  

give such unusual behavior. 

Most authors have at t r ibuted the conductivity of 

V~O~.Pz05.R0 glasses t o  the transfer of charges between V 

and I?+ ions#. 

4+ 

The chernical analysis of Kitafgorodskii and 
42 Frolov appeared t o  be satisfactoxy and is in support of t h e  

presence of $+ and V4+ ions in the glass, 
20 

suscept ib i l i ty  measurements, Azarov a. hawever, suggeeted 

Frau magnetfc 

that  in glaasee of the system V205.P205,la20, the p r e d d n a n t  

ionic  species are  the lower ions such as p, $+ and I?'. 

It is hoped that the above survey on the conductivfty of 



glasses of the V ~ O ~ - P ~ O S - R O  syirterns %s sufficient to  demonstrate 

the complexity, the wide disagreement, an5 the need for addition- 

al and careful experimental; work in this area. 

Crystalline aemiconductfng metal ax ides  are knuwn to 

e x u b i t  both n-type and p-type conductivity. fn general, t h i s  

is caused by the departure from stoichiometry in -o f  the two 

directions, Crystall ine FeO, for example, is an iron-deficient 

semiconductor. A mall proportion of the iron ions are i n  the 

Fe3+ s ta te .  

e lectron w i t h  respect to the surrounding re2+ ions and may 

therefore be regarded as s i t e s  for positive holee. cxystalline 

FeO is thus a p-type semiconductor. Conversely, ckysta l l ine  

V2OS is def ic ient  in oxygen and some of the vanadium ions are 

in the #+ state. AS expected, it 3.6 a n-type 8dconductor. 

These minority ferric ions are deficient of an 

P f  the short range order in a particular crystallAne s e d -  

conducting metal oxide is unchanged when "dissolvedP into a 

glarssy matrix, for example, V ~ O S  in PzOs, then we may expect 

the  same canductivity type in the glass.  Thus in a first ap- 

proximation, both n-type and p-type semiconducting oxide glasses 

can be readily prepared. 

Ahnost a l l  the glassee based on V$15 are n-type sedcbnductora 
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' 15 16 19 
according t o  Baynton &. , Munakata, and foffe et a. These 
author6 only observed t%e sign ( f . e . ,  posit%ve or negative') of 

the thenaoelectric power without actual ly  measuring the l a t t e r .  

Mundrata obtained the V4+/$+ ratio by chemkal analysis and 
16 

reported t ha t  vanadate glaaees were st i l l  n-type semiconductors 

when the @+ concentration reached 4@6 of the total vanadium 

present. Oaralftatfve Hall effect measurements were carried out 

by Hamblen and c-orkers, who confirmed t h a t  the vanadate 

glassea are n-type materials. 

, I  

23 

No eetimate of the V4+M+ ratio 
in the glaaeea were reported. Apparently, the Ball coefficient 

was too small to permit accurate measurements. 

The most in te res t ing  study on the  V205-P205 glasses was 

118 
carried out by ECItaigorodsklPi and co-workers. 

constant at 20 wt,% ('24 mole 1) and t h e  V4+/?+ r a t i o  waa varfed 

The P205 was kept 

by the addition of lamp-black to the m e l t .  The variat ion of the 

thermoelectric power with VzQ4 (i-e. ,  V4') content is reproduced 

in Figmre 12. 

creasingly less negative with increasing @+ content. [Hegative 

The thermoelectric power is seen to become in- 

thermoelectric power fndkcatea predomhantly n-type conduction) . 
%n another glass  of the composition 38.9 Pq05. 38.4 VzO4. 22.7 

VaOs (in w t .  %), a paai t ive thermoelectric power wa8 observed 

which indicated t ha t  the predominant c a r r i e r s  were nuw posi t ive 

holes. Kitalgorodskid therefore concluded t h a t  the vanadate 
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glasses were nixed conductors; 5. .e., holesr and electrons. 

'he effects of meta l  oxides on the thermoelectric power 
17 

of Vz05-PzOs glasses were studked by Grechanik =tal. The 

P2d5 content was fixed at 20 mob? % and the ratio'of V20&3 

then varied. 

curves in Figure 13. 

Same of theae results are shewn by the dashed 
' 9  

Attemp- by the present -iter to repeat 

the measurements resulted i n  the other points lshanm i n  Figure 13. 

men if we assume that the rrign convention of the thermoelectric 

power is different, there is still considerable difference between 

the two seta a€ data. T t  is evident that the metal oxide does 

have an effect on the thermoelectrfc power. Any other more 

detailed discuaafon must: await the results of further experi- 

mental studies. 

Far glasses based on Se-SwA8, the sign of the carriers 

indicated by thermoelectric measurexents is solnetlmes opposite 
43 

to that given by Ball effects. !Phis ananaly ha8 been attributed 

to the presence of small amounta of other pha8e8 in the glass. 

C ,  J, Phillips has reported that in a study of V20s-Te02 glassea, 

thermoelectric measurements indicated n-type conduction, whereaa 

H a l l  effecte measuremente gave the opposite answer. 
44 Presarmably 

inhanogeneity also exis ted  i n  the glass. 

Sane high teatperature glasses of the 8y8te1~1 Mn0.A1203.Si02 

were examined by MdMillan. As expected, conduction was of the 
24 
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3+ 
p-type. McMillan attributed this to the presence of Mn ions 

in a system i n  which Mn” ione predominated. 

Bent of thermoelectric power was reported, 

No actual meaeure- 

f n  general, the them-lectric power of the V205.P205.~ 

glasses does not have a high temperature coefficient. 
17 

et al. 

Grechanik 

reported that it was practical ly  independent of tempera- 

ture between ZOO and 200OC. Same of the results obtained by the 

w r i t e r  are shown in Figure 14. The words lead, alumel, and 

chrome1 refer to the reference m e t a l  from which the therma e,m,f, 

was obtained. X t  is seen that the thenno e.m.f.8 are indeed not 

very aen4ftflrie to temperature, 

VfPZ. POSSZBLE APPLPCATfobTS 

Since semiconducting glaases are of fairly recent origin 

and the accurate control of their electrical properties is  

governed by a large number of interdependent factors, no 

practical applicationa have been reported so far. I t  is 

obvioue that i n  any usage whereby the ready polarization of 

conventional soda-lime type glasses is wrdesfrable, a semi- 

conducting glass will be preferable. Mc#fllan has indlcated 

that  the e d c o n d u c t i n g  property of glaases balsed on 

WnQ.A1203,Si02 may be of value i n  the preparation of thin 

glass targets for electron image tubes such as the Image 

Orthicon. According to HcHillan, the glass film muat be 

24 
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appraxfmately 0.002 inch thick and its volume resistfv%ty 

ehwld be 10'' to 10" o)rm-cm a t  room temperature. Glasses 

containing high proportion8 of alkal i  % o m  which have the correct 

reeistivity suffer from the disadvantage of polarization since 

the current-carriers through the f i lm ate alkali Pons. 

apparently limits the operating l ife of a tube. 

by a semiconducting glass will thus be advantagem$. 

This 

The 8Pibetitnrtion 

24 83th 4&e p?g, 1 n e z n  m - 2  4-LA ..-e- -.LA -l--..-- pi*2'3 . Y A W  2 a i s u  u a t =  v = a w s B c x ~ =  y r a a m D s o  

transparent i n  the infrared, but are opaque in the vf8fble. 

Meltillan has suggested that these glasses may be wefts1 in 
24 infrared eignalling and infrared detection devices. 

of the absence of polarization and t h e i r  low activation energies, 

sedconducting vanadate glasses  have been suggested for use f n  

surface junction de te~tars?~  The @age of forming a glass into  

any physical shapes and the readiness of cryrrtallfzatfon of 

Because  

glaseree containing a large amount of transition metal oxidse 

have led to the sttqgestion that they may be suitable substitutes 

bar conventional sintered ceramic bodies With electronic con- 

ductivity. 

s m a l l  dependence on temperature suggeet the possible use of such 

sdconducting glasses as temperature sensors. 

33 The relatively large themoelectric puwer and fte 
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fX, -m 

Although most of the collmronly encountered glasses such 

M soda-lfras glass are ionic conductors, it fa theoretically 

pcmprible to prepare a i d e  glasses which are electronic con- 

ductors, 

codacting glaeees is described, 

electronic conduction i n  B I M I ~ ~  of these glasses are discussed. 

A c r i t i c a l  review OE the e l ec tr i ca l  conductivity and thermo- 

electric pawer of known semiconducting glassee, fn particular 

thocre in the V ~ O S - P ~ O ~ - ~  aysteme, fa  presented. Same of the 

more fmportant factors governing conduction are dfscweed. 

A general prcicfple for the preparation of such a d -  

The varfom methods to prove 

Finally, a summaary is given of the possible applicatfona of 

thi8 new type of semiconductors. 
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Table 36. Summary of Published Work on Semiconducting 
Oxide G l a s s e s ,  a] electrical conductivftyt 
b) thermoelectric power: c) optical proper- 
ties; a) magnetic susceptibility; e) thermal 
expanaian. 

System Properties Temp.Range O C  R e f  
Studied 

v2°5 *p205 a 
a 
a , b r c  
a , b  

25-200 
40 
25-200 
25-250 

25 
25-200 

15 
16 
17 
18,19 

20 
-- 15 

40 16 
25-200 15 
25-250 19 
25-200 21 

V2O5 .BaO a,c,e 25-200 21 
V205.Te02 a, c 25-200 21 
V205.WOjoK20 a,b  25-250 19 
V2O5 .Gt?02 .Bao a 25-100 12 
V205 . B203 CaO a 25-300 12 
VzO5 .PM).Fe203 a 25-100 12 

COO . P2O5 a 
Fe 304. P 205 . ca0 a 

HnO . B2O3 a 
COO ,B2O3 .CaO a 
Fe304.B203 ,CaO a 
Ti02 . B203 . BaO a 

325-5001 24 
25-500 24 
25-500 24 

50-400 
50-400 

25-300 
25-350 
25-350 
25-250 

12 
12  

12 
1% 
12 
12 1 

'? 



t 

(Table  I-continued) 

Svstem Properties TemP.RanqeOC R e f .  

A l a 0 3  .CaO a 150-300 25 

A1203 .CaO .NaqO a 100-450 26 

Pe203.Si02.B203. 

Pe203.B$grSi02. 

Q 
Fe3O4.Co3O4.Mn0.RO a 50-600 27 

RO* - a, Na, X. a, C88 
and 

Roe*= Li, Ha, K, Ba, Cd, and Pb singly 

u, b, Ca, Sr, Zn, Cd, Pb, Cu, q, Fe, CO, 
I35 and Sb singly 

= la, Mg, Al, B and Si mixtures. RO+ 



Table IX. Comparison of the activation energies 
for conduction for adconduct ing  glasses 
{E") and t h a t  for the corresponding 
glasses without the trans i t ion  metal oxide 
(E 1 l2 

Bo. Caarpoerftion (mole 96) '. B* (kcal/mole) E' (kcal/mole') 

1 20Ba0.60Oe0)2.2OVzO5 

2 3lCa0.618203.8Fe304 

3 ~OCCIO.~OB~O~.LOCOO 

12.5 38.0 

15.7 40.0 

24.0 40.0 



a 

Figure 1. 

Figure 2. 

Figure 3. 

Figure 4. 

Figure 5 .  

Figure 6. 

Figure 7 .  

PEgure 8 .  

Figure 9. 

Electrical conductivity of V205 (semiconductor) 
and PbO (ionic conductor) on 

Electrical  resistivity of silicate and borate 
glaases of higher sodium content canpared with 
that of fused silica of laver sodium content. 

%me effects of 200-Volt DC on the electrical 
resistance of fonkaZly conducting and semi- 
conducting g l a s s e ~  la 

Apparatus for e . m . f .  measurement when a glarae 
is used as a . s o l i d  electrolyte.12 only one of 
the identical. two halves is shown. 

Effects of approximat& y hydrostatic pressure 
on the electrical re8istivity of semiconducting 
vanadate glasses. 

Relation between resistivity and temperature for 
(1) polycrystalline V205; and glasses: (2) 83.0 
V205-lOP205-6.5 Na20 t (3) 80 V2O5-20 Pa05 : 
(4) 75 V205-Z0 P205-5 BaO: (51 50.8 VzO5- 24.4 
P205-13.9 Ba0-10.8 Na20. Camposition in mole %. 15 

Relation between resht iv f ty  and temperature for 
8-e edconduct ing  glasses.12 (1) 50 COO-50 PaO5; 
(29 31 Ca0-61 BzO3-8 Fe304; (3) 20 BaO-60 Ge02- 
20 V2O5. Composition in mole %. 

Relation between reaistfvity at 25OC and canpo- 
8 i t f O n  for glasees of the 8yStem V & - P ~ O ~ .  Single 
crystal value from B ~ ~ o s ~ ~ ;  results of gla88@6 fram 
Grechanik et al .17 and Stanworth. 

~ea%stevj:ty-te?nperature relation for glasses of 
the system Ca0-2820 
function of pe2*&$ ratio.9 

contaening iron oxide as 



Figure 10. Log resistivity at roam remperature a8 a function 
of Vz09’P205 ratio. 
(1) 

(2) 

Glasses from V ~ O S - P ~ O ~  and V ~ O S - P ~ O ~ - B ~ O  fran 
results of goffe (19); 
Glaasea f ran V ~ O ~ - P ~ O ~ - B E O  and V205-P205-BaO-NaO 
from results of Baynton e t  al.[15): 93 V20gaP205-B~iO (23) ; V2Og-P20g+!dO 

Figure 11. Relation between reeist ivfty and @/VTotel for 
glaeses of the system V205.P205,BaO according to 
Munakata . (16) 
Variation of tlienaoerlectric pwer w i t h  I,@+ content 
in a V205-Pz05 glass. (187) 

Figure 12. 

Figure 1 3 0  Variation of thermoelectric power w i t h  metal ox ides  
for V205.P205.RO glasees w i t h  the P2O5 content 
constant a t  20 mole %. Dashed curves are results 
of Grecfianik, et al. (171, and other points  are 
those of Mackenzie (9 ) .  

Figure 14. Variation of the thennoelectric power of vanadate 
glasses w i t h  temperatare. Eead, afumel and chranel 
refers to the reference metal from which the 
thermo e ,mo f w a s  obtained 
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